The rte of phloem loading, its selectivity, and the disposition of labeled carbon were studied following application of 14C-labeled sugars to the free space of source leaves of sugar beet (Beta vulgaris L.). Buffered 10 mm solutions of 14C-labeled sucrose, fructose, stachyose, mannitol, 3-0-methyl glucose or L-glucose were applied to the abraded epidermis of source leaves held in the dark. Distribution of the labeled carbon from sugar taken up from the free space was studied by microdensitometry of autoradiographs. Uptake of labeled sugar from the free space, partition between mesophyll and minor veins, metabolic conversions, export and respiration were followed during the 3-hr time course studies. Rates of sugar uptake into the minor veins, flux rates through the sieve element-companion cell complex membrane and concentration ratios between free space and the interior of the minor vein phloem cells were compared for the six sugars studied for evidence of active uptake. The composition of the free space solution in leaves photosynthesizing in 14CO2 was studied by vacuum infiltration of the source leaf air spaces and removal of the solution by centgation. Labeled compounds in this solution were compared to those in an aqueous ethanol extract of the same leaf pieces.
this solution were compared to those in an aqueous ethanol extract of the same leaf pieces.
The results in sugar beet source leaves support the concept of direct, active uptake of sucrose from free space into minor veins. This is not the case for fructose, 3-0-methyl glucose, mannitol, or stachyose. The latter two sugars, which are translocated in some plants, are not loaded into the minor veins at a rate sufficient to make them a significant component of the material translocated. The rate of phloem loading is controlled in part by mesophyll metabolism, especially as it affects the availability of sucrose to the free space. Both the rate and selectivity of export are controlled by uptake from the free space into the sieve element-companion cell complex of the minor veins.
Phloem loading in leaves of higher plants has an important role in the productivity of crops. Because the bulk of material *that is translocated must first undergo phloem loading, factors which affect this latter process are likely to play a significant part in determining the partitioning of assimilate between export and retention in source leaves. The major portion of material exported from the leaves of higher plants consists of a relatively few sugars and sugar alcohols (20) . Data from previous studies (5, 6, 16) indicate that phloem loading involves active uptake of sugar from the apoplast. An understanding of selectivity and other characteristics of active uptake from the free space of the various exportable sugars seems to be an important starting point for studying the control of export from leaves. Mechanisms which affect the availability of various sugars to the free space and their selective uptake into the phloem are likely to control export from the leaves. In the present study, these mechanisms were studied by supplying a number of sugars to the free space of leaves of sugar beet, a plant which exports mainly sucrose. Various sugars, including those generally regarded as translocatable, were presented. Uptake into the mesophyll, which competes with phloem loading, was found to be less selective than uptake into the minor veins. The data indicate that only sucrose or sugars readily converted to it contributed to a significant amount of phloem loading. From the evidence, metabolic conversion in the mesophyll and selectivity of phloem loading appear to be important factors in controlling export of assimilates from sugar beet source leaves.
MATERIALS AND METHODS
Plants of Beta vulgaris, L., US H20 (monogerm hybrid) were grown for 6 to 8 weeks by solution culture as described previously (8) . Experiments were performed on mature, nearly fully expanded leaves. Three experimental approaches were used in the study. First, the composition of the free space solution in source leaves was compared to material extracted from the metabolic space of the same leaves. Second, uptake of various externally applied, labeled sugars by mesophyll and minor veins, along with metabolic conversions, export and respiration of the labeled sugar were compared at intervals over a 3-hr period. Finally, the selectivity of phloem loading was studied by supplying individual labeled sugars to the lightly abraded surface of intact source leaves. The selectivity study results were confirmed by double isotope experiments in which a solution of tritiated sucrose plus one 14C-labeled sugar was supplied to the abraded leaf surface.
Isolation and Study of Sugars from Free Space and Metabolic Compartments. Sugar beet source leaves were allowed to photosynthesize in 14CO2 until exported sucrose reached isotopic saturation, as described previously (8) . At the end of the labeling period, two or three 15-cm2 leaf pieces were excised from each leaf. Air spaces of the leaf pieces were vacuum infiltrated by subjecting the tissue to a vacuum of 60 mm Hg for 1 min. The solution in the air spaces was then removed by centrifugation of the tissue at 3,000g for 3 min. The soluble material was extracted from the metabolic space by boiling the leaf tissue in 80% (v/v) ethanol.
The identity of labeled sugars in the free space or in extract solutions was determined by spotting an aliquot of each sample in a band onto 0.5-mm thick TLC plates of cellulose. For leaf extracts, the plates were developed several times in chloroform to a distance 1 cm above the origin to carry Chl and lipids away from the water-soluble molecules. Plates were developed three times in ethyl acetate-acetic acid-formic acid-water, 18:3:1:4, v/ v/v/v (10). Kodak Industrex type AA x-ray film was used to visualize the labeled sugars. Individual sugars were removed 953 9F D A GGPlant Physiol. Vol. 59, 1977 from the plates for liquid scintillation counting by impregnating the cellulose with a cellulose acetate stripping mixture (14 sugars which were studied entered the metabolic space of the source leaf to some extent, three of the six compounds studied were taken up at a relatively high rate. These latter were: sucrose, a major transport sugar; fructose, a hexose which can be readily converted to sucrose; and 3-0-methyl glucose, which serves as a glucose analog but is not readily metabolized by plant cells (15) . The high rates of uptake for these sugars suggest that they may be actively taken up into the metabolic space of the mesophyll or minor veins or both and may contribute to export or respiration.
To help distinguish among the various possibilities, we studied the distribution of exogenously supplied '4C-labeled sugars between the mesophyll and minor veins. The autoradiographs in Figure 1 Sucrose. The data in Figure 2 and Table II indicate that of all of the sugars used, sucrose has the highest rate of uptake both into mesophyll and minor veins. The total uptake rate is 135 ngC min-'cm-2 (Table II) . During this same 30-min period, nearly half of the material in the metabolic space can be recovered as sucrose while a comparatively small part of the supplied sucrose is converted to glucose, fructose, or insolubles ( Fig. 2A) .
The time course of uptake into the metabolic space of the leaf and the metabolism of the supplied sucrose were studied over a 180-min period (Fig. 3) . Several principles were used in interpreting the observed patterns. If the 14C content of a given compartment asymptotically approaches a fixed level, this is interpreted to mean that the material is turning over rapidly enough to reach isotopic equilibrium with the labeled compound being supplied. On the other hand, linear uptake is interpreted to mean that the material is not turning over but is accumulating in one or more terminal pools.
The data in Figure 3B for total labeled carbon illustrate that uptake of sucrose is linear with time. Uptake of labeled material into the mesophyll and minor veins (Fig. 3A) (-) , and accumulated in minor veins (0), in mesophyll (A) and as insoluble material (-). B: total labeled material taken into metabolic space (E), accumulated in minor veins (A). Labeled material accumulated in minor veins plus that which was exported (A), accumulated in mesophyll plus that which was respired (0), and accumulated in the mesophyll plus that respired and that exported (-). Data are the average of three experiments. min after sucrose is supplied, supporting the presence of a strongly active uptake mechanism. Except for a relatively small amount of material which is respired, the material entering the minor veins is either accumulated or exported (Fig. 3A) . Therefore, we can obtain the time course of entry of free space sugars into the minor veins by adding the "4C-labeled material exported and that accumulated in the minor veins. The resulting curve (Fig. 3B , mv + exp), which is linear and has a slope of 67 ngC min-'cm-2, should give the rate for loading of sucrose into the minor veins. This loading rate should approximate the rate of export, which reaches isotopic equilibrium with the "4C-sucrose by approximately 120 min. The slope of the export curve after equilibrium is 90 ngC min-'cm-2 (Fig. 3A) . The discrepancy between loading and export is probably the result of variability between plants. The export rate is based on data from five plants, only three of which were used to obtain the rate of entry of "4C-sucrose into the minor veins.
The data for "4CO2 respired (Fig. 3A) show that the source of material from which CO2 is derived appears to reach isotopic equilibrium by about 90 min. Time course studies of chromatographically separated compounds from the leaf extract reveal that the sucrose pool has reached isotopic equilibrium while glucose and fructose have not (latter data not shown in Fig. 3 ). It appears likely that sucrose supplies a significant amount of the material which is respired under these circumstances.
Assuming that net uptake of sucrose occurs from the free space, the decline in accumulation of "4C-labeled compounds in the mesophyll with time, when "4C-sucrose is applied (Fig. 3A) ,
indicates that most of the label in the mesophyll is in transit. To account for the decline observed as isotopic equilibrium is reached, it is necessary to identify the processes by which the "4C-labeled material exists from the mesophyll into terminal pools. The loss of "4CO2 by respiration is an obvious choice, but adding this source of labeled material to that accumulated in the mesophyll does not eliminate the decline entirely (Fig. 3B , meso + resp). If sucrose normally passes through the free space enroute from the mesophyll to the minor veins, export constitutes another terminal pool for the labeled material taken up by the mesophyll when "4C-sucrose is supplied. When the export is added to mesophyll accumulation and respiration (Fig. 3B) , the curve no longer shows a decline as isotopic saturation is approached. Exit of labeled sucrose from the mesophyll and subsequent loading into the phloem appears to constitute a major path for sucrose in the source leaf mesophyll. This conclusion is supported by the kinetic studies of Outlaw et al. (13) with leaves of Vicia faba. They observed the rapid passage of a pulse of labeled material, chiefly sucrose, from the palisade parenchyma into the spongy mesophyll with subsequent accumulation in the minor veins (12) .
Fructose. The uptake of fructose was studied because it is a hexose which can readily be converted to sucrose. The data in Figure 2 show that the total uptake of fructose during a 30-min period is 29% of that of sucrose. The distribution of labeled material between mesophyll and minor veins is similar to that observed when sucrose is applied, as is also the ratio between sucrose and glucose in the metabolic space. The level of fructose in the metabolic space is slightly higher than when sucrose is supplied. After 30 min, the level of insolubles in the leaf is seven times higher than when sucrose is applied.
Time course studies over a 180-min period (Fig. 4B) show that total uptake of fructose is linear with time. After 180 min, the amount of label in the minor veins of leaves supplied with fructose is about the same as after 45 min in leaves supplied with sucrose. The rate of accumulation of label in the minor veins (Fig. 4A) has hardly begun to level off by 180 min in leaves supplied with fructose, a situation similar to that after 45 min in leaves supplied with sucrose. By the end of the experimental period, export of material arising from the exogenously supplied fructose corresponds to the export at 45 min in leaves given sucrose. This pattern is probably the result of the fact that the entry of fructose into the metabolic space is both slower and limited to the mesophyll. The slow turnover is also evidenced in the fact that both respiration and export have not yet reached a steady rate during 180 min of uptake (Fig. 4, A and B) . The initial rate of uptake of fructose by the mesophyll was 33 ngC min-1cm-2 leaf compared to 110 ngC min 1cm-2 for sucrose (Table II) .
In order to determine the identity of the labeled species in the minor veins of leaves which had been supplied with "4C-labeled fructose, the amount of labeled sucrose and fructose isolated from the extract of leaves was compared with the 14C content of the minor veins (Fig. 4A) . The results indicate that labeled fructose cannot account for the "4C content of the minor veins whereas the activity in sucrose is more than sufficient. In leaves supplied with "4C-fructose, synthesis of "C-sucrose and phloem loading of "4C-labeled material have similar rates. Labeled sucrose synthesized from fructose appears to be responsible for the major portion of the activity in the minor veins and is likely to be the sugar species that is exported out of the leaf.
A question arises as to whether the mesophyll is the site of synthesis of this sucrose. A key difference in the fate of exogenous fructose as compared with that of exogenous sucrose is the more rapid accumulation of insolubles when fructose is supplied (Figs. 3A and 4B ). Following extraction of the soluble fraction, autoradiography of leaves supplied with "4C-fructose indicates that accumulation of insoluble material occurs in the minor veins as well as in the mesophyll. In contrast to this, 14C-S supplied leaves had 14C-insoluble material principally mesophyll.
Accumulation of 14C material in the mesophyll app level off after 120 min (Fig. 4A ). This plateau cannot b uted to the fact that the fructose equilibrium level (10 n been reached in the mesophyll tissue since little fructose recovered from the ethanol-soluble pool (Fig. 4A) (Fig. 3A) . If sucrose uptake would involve k sis and uptake of hexoses, the labeled sucrose should c( much higher contribution from the "C-fructose than was found.
Our observations suggest that free space fructose en mesophyll where it is converted to sucrose. The sucrose than leaves the mesophyll, enters the free space, and is taken up into the minor veins. The likelihood of this conclusion was tested further by the use of 3-0-methyl glucose, a hexose derivative not readily converted to sucrose (9). 3-0-Methyl Glucose. The distribution of '4C-labeled material was followed when labeled 3-0-MG was supplied to the surface of abraded source leaves. The rate of uptake of 3-0-MG, 47 ± 16 ngC min-1cm-2 leaf, is similar to that observed for fructose, 53 ± 10 ngC min-1cm-2. However, in contrast to fructose, 3-0-MG does not contribute to export or to accumulation in the minor veins to a level that allows them to be distinguished from the surrounding mesophyll (Fig. 1C) . Uptake of 3-0-MG appears to be limited to the metabolic space of the mesophyll. The ISO sugar L-glucose, which is considered to permeate cell membranes passively (9), was taken up at 9.7 ± 2 ngC min-cm-2, one-fifth the rate for 3-0-MG. The uptake of L-glucose was probably enhanced by its conversion to a number of compounds which appeared as ninhydrin-positive areas on chromatograms. il1@°0 -MG, L-glucose did not contribute to export or loading. The relatively rapid uptake of 3-0-MG, linear over at least 180 min, 4: indicates that this compound does not turn over in the mesophyll < but probably enters the mesophyll tissue by a mechanism similar 6 _j to that for fructose uptake. Less than 0.5% of the 3-0-MG taken _6eS into the mesophyll was respired, but 3-0-MG provided material UX for the synthesis of a significant level of insolubles. Most of the 4 c solubles remained as 3-0-MG in the mesophyll (Fig. 2C) .
The initial time courses for accumulation in the mesophyll of 2 3-0-MG (Fig. 5 ) and of fructose (Fig. 4A) are essentially the same. When synthesis of sucrose and its subsequent phloem loading are prevented by blocking the metabolic conversion of ISO hexose, the level of radioactivity from entry of 3-0-MG into the mesophyll continues to increase; when fructose is supplied, it [fructose reaches a plateau. The leveling observed for fructose appears to : labeled result from conversion to sucrose in the mesophyll, subsequent iesophyll exit of sucrose to the free space, and loading into the phloem. ie source The 3-0-MG apparently does not exit rapidly from the mesophyll ietabolic as does sucrose. These data lend further support to the concluulare the sion that the minor veins do not load fructose directly; conversion in the mesophyll of a hexose such as fructose to sucrose is necessary before exit from the mesophyll and phloem loading .w,rr%c&_ can occur. Consequently, sugar beet is a good plant for studying some aspects of control of the pattern of sugars which are translocated. Labeled mannitol and stachyose were supplied to the free space of sugar beet leaves in order to study phloem loading and export.
Mannitol. The sugar alcohol mannitol is found in the translocate stream of a number of plants but not in sugar beet (20) . We selected mannitol to determine if sugar beet is able to load a sugar alcohol which is translocated in other plants but is not found in sugar beet and is not synthesized rapidly into sucrose.
Ttie rate of uptake of labeled mannitol into the metabolic space of the sugar beet source leaf, 4.7 ngC min-' cm-2 (Table II) is 3% of the rate observed for sucrose. This uptake is slower than the rate of 9.7 ngC min-' cm-2 observed for L-glucose. The rates of uptake into the mesophyll and minor veins are both quite low, 4 and 1.7 ngC min-' cm-2 leaf, respectively. Also, the level of radioactivity in the minor veins after 180 min is quite low (Fig.   5 ).
There is also a question as to the identity of the material which is accumulated in the minor veins when mannitol is supplied. It is difficult to infer this identity exclusively from chromatographic studies of the soluble extract of leaves because significant amounts of labeled mannitol, sucrose, and an unknown soluble material can be isolated in the extract. If we assume that all of the labeled mannitol in the leaf is in the minor veins after 180 min, an unlikely assumption, it can account for only 67% of the minor vein label. Thus, it is unlikely that mannitol alone is responsible for the amount of label detected in the minor veins.
Sucrose is able to account for only about 15% of the minor vein label content, while the insoluble material or the unidentified substance each is abundant enough to account for up to 70% of it.
The volume of the se-cc complex of the minor veins in leaves containing an average of 37 cm of minor vein/cm2 leaf was calculated to be 0.08 mm3 cm-2 leaf. If all of the mannitol in the soluble extract is assumed to be in the minor veins, its concentration would be 31 mm (Table III) . This may mean that mannitol is moving into the minor veins against a concentration gradient, but this is not the only interpretation possible. Autoradiographs of extracted leaf tissue supplied with mannitol for 180 min showed slightly labeled minor veins even though soluble material had been removed. Also, the slow rate of uptake does not favor active uptake. Rather, it may be that some material arising from mannitol, perhaps the unidentified soluble material, which fails to give a ninhydrin reaction, is accumulating in the minor veins; or perhaps mannitol is being metabolized to hexose (18) (Fig. 6) . If all of the stachyose present were in the minor veins, its concentration there would barely surpass the 10 mm equilibrium concentration (Table III) . Phloem loading, and presumably export, occur at approximately 6.8 ngC min-' cm-2 or 11 % of the rate when a similar concentration of sucrose is supplied.
Chromatographic studies (Figs, 2E and 6) show that sucrose is derived from stachyose when the latter is supplied to the free space. The mechanism by which sucrose arises is not clear. The rate of appearance of sucrose, estimated from the initial slope of the sucrose time course, is 4.7 ngC min-' cm-2. This is approximately 70% of the phloem-loading rate and about 3% of the rate of uptake of sucrose when the latter is supplied. Except for their lower rates, the time course curves for labeled components when stachyose is supplied (Fig. 6 ) generally resemble the corresponding curves when sucrose is supplied (Fig. 3A) . The pattern of label distribution observed during stachyose application appears to be largely the result of the formation of sucrose and its subsequent uptake by the minor veins. The rate of formation of sucrose and the rate of phloem loading are similar. The slower rate of phloem loading probably reflects the slow rate of penetration of stachyose or of its conversion to sucrose. The site of the conversion is not known. There appears to be more labeled material in the minor veins than can be accounted for by sucrose alone. However, the difference may be due to inaccuracy in the measuring methods. From these data, we conclude that sugar beet is not able to load stachyose into its minor veins at a rate sufficient to make it a significant component of the translocated material or to support a high rate of translocation. Another set of evidence which applies to the selective nature of the phloem-loading process can be obtained from calculations of the flux rate of various sugars across the se-cc complex. These calculations are based on an estimated surface area of 4.7 x 107 ,um2 se-cc membranecm-2 leaf for the minor veins in the leaves used in these studies.
The data in Table III indicate that the flux rate of 16 pmol sec-1 cm-2 for entry of 14C-sucrose into the minor veins from the free space in leaves supplied with labeled sucrose is similar to the rate of 17 pmol sec-1cm-2 reported for active hexose transport into Chlorella vulgaris (17) . The flux rate for sucrose derived from fructose is lower but probably is limited by the rate of sucrose synthesis. The flux rates calculated for stachyose and mannitol are similar to those reported for the passive permeation of sucrose into spinach chloroplasts, 0.08 pmol sec-1 cm-2 (3).
These data do not mean that it is mannitol or stachyose which enters the minor veins. Rather, they indicate that these compounds are not taken up actively, if at all, by the minor veins. Thus, the data suggest that in sugar beet source leaves, sucrose alone is actively taken up into the minor veins.
CONCLUSIONS
The sampling of free space following steady-state labeling revealed the presence of a number of compounds in the free space. The high specific activity of the free space sucrose, which is present in micromolar concentration range, supports its role as the source of the sucrose being actively loaded into the minor veins. Turnover of mesophyll sucrose indicates that this sugar reenters the free space possibly by facilitated transport. The course of this movement of sucrose is probably similar to that of sucrose derived from fixation of CO2 by the chloroplasts. The mesophyll tissue may act as a collecting surface, reclaiming sucrose and hexoses which leak from the photosynthesizing cells. There is also a possibility that the phloem parenchyma or other cells near the minor veins selectively leak sucrose into the free space in a manner similar to that described for cell-to-cell transport of auxin (1) .
Data from the uptake of fructose and 3-0-MG indicate that hexoses are not actively accumulated in the minor veins of sugar beet. The phloem loading which occurs when fructose is presented involves its prior conversion to sucrose, probably in the mesophyll. Fructose and 3-0-MG appear to be actively taken up by the mesophyll but not by the se-cc complex of the minor veins. Neither free space mannitol nor stachyose are taken up by the minor veins at a rate sufficient to make them significant components of the material being translocated.
Control of the composition of the organic components translocated by sugar beet appears to reside primarily in the membrane Plant Physiol. Vol. 59, 1977 of the se-cc complex of the minor veins. 
